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We report a measurement of the observed cross sections of eTe~ — J/wX based on 3.21 fb~! of data
accumulated at energies from 3.645 to 3.891 GeV with the BESIII detector operated at the BEPCII collider.
In analysis of the cross sections, we measured the decay branching fractions of B(y(3686) — J/wX) =
(64.44+0.6+1.6)% and B(y(3770) - J/wX) = (0.5+0.24+0.1)% for the first time. The energy-
dependent line shape of these cross sections cannot be well described by two Breit-Wigner (BW) amplitudes
of the expected decays y(3686) — J/wX and y(3770) — J/wX. Instead, it can be better described with one
more BW amplitude of the decay R (3760) — J/wX. Under this assumption, we extracted the R (3760) mass
My 3760) = 3766.2 3.8 + 0.4 MeV/c?, total width 1"7%‘(376@ =222+59+ 1.4 MeV, and product of

leptonic width and decay branching fraction F§§<3760)B[R(3760) - J/yX] = (794 £855+11.7) eV.

The significance of the R(3760) is 5.3¢. The first uncertainties of these measured quantities are from fits to
the cross sections and second systematic.

DOI: 10.1103/PhysRevLett.127.082002

The mesons with mass above the threshold of open-charm
(OC) pairs had been considered for more than 25 years to
decay entirely to OC final states via the strong interaction.
Only a few experimental studies of non-OC (NOC) decays

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

of these mesons had been carried out before the summer of
2002 [1,2]. In July 2003, the BES Collaboration claimed for
the first time that they had observed 7 4 3 events of the NOC
final state of J/wz ™z~ [3] in the ete™ collision data taken
with the BES-II detector operated at the BEPC collider at
center-of-mass (c.m.) energies near 3.773 GeV. This obser-
vation started worldwide a new era with the aim to study
rigorously NOC decays of the mesons lying above OC
thresholds. After more than two years of intensive discus-
sion in the particle physics community about whether the
J/wrT ™ final state is really a decay product of the mesons
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lying above the lowest OC threshold (3.73 GeV), it has been
accepted that this golden final state is a product of the
w(3770) NOC decays. However, it has not been excluded
that this golden final state may be a decay product of
some other possible structures [4] which was speculated to
exist in this energy region. The discovery of the first
NOC final state of J/wz"z~ from the meson(s) decays
overturns the conventional knowledge that almost 100% of
the mesons decay into OC final states through the
strong interaction [5]. It stimulated a strong interest in
studying NOC decays of the mesons lying above the OC
thresholds, and it inspired more experimental efforts at the
ete™ experiments to study NOC decays of the mesons
[1,5,6]. In particular, the study of the J /wz* 7~ final state or
a similar final state such as M ;X [M .z is a hidden charm
meson such as J/y, w(3686), y.,(J =0,1,2), and A,
while X;y refers to any allowed light hadron(s)] and the
wtp~ final state [5,7] leads to the discovery of several new
states [8—11], such as the historically labeled X, Y, and
Z states.

The potential model [12] expects that y(3770) is the
only c¢ state, which can be directly produced in e*e”
annihilation at energies from 3.73 to 3.87 GeV and decay to
OC pairs with a branching fraction exceeding 99%.
However, the BES found [13-16] about (16.4 4+7.3 +
42)% of y(3770) decaying to NOC final states, which
indicates that the y(3770) may be not a pure cc state or
some unknown structure may exist in the energies around
3.773 GeV [6]. To search for the new structure, as
suggested in Ref. [6], we studied the processes e*e™ —
J/wX X =ntn", 7°2°% 5, 7° yy) in the energy region
between 3.645 and 3.891 GeV.

In this Letter, we report a measurement of the observed
cross sections of ee~ — J/wX based on 3.21 fb~! of data
taken with the BESIII [17] detector at the BEPCII [17]
collider at 69 c.m. energies ranging from 3.645 to
3.891 GeV. These data correspond to integrated luminosity
of 72 pb~! of cross-section scan data [18] taken at energies
from 3.645 to 3.891 GeV, 44.5 pb‘1 taken at 3.650 GeV,
162.8 pb~! taken at 3.6861 GeV [19], 2.93 fb~! taken at
3.773 GeV [20], and 50.5 pb~! taken at 3.808 GeV.

The BESIII detector and its response are described
elsewhere [21]. Here, we discuss only those aspects that
are specifically related to this study. The production of the
w(3686) and w(3770) resonances are simulated with the
Monte Carlo (MC) event generator KKMC [22]. The decays
of these resonances to J/ywxatx~, J/wn’x°, J/yn, J/y",
and yy.; (J =0, 1, 2) are generated with EVTGEN [23]
according to the known [24] relative branching ratios
into these final states. To study possible backgrounds,
MC samples of inclusive y(3686) and w(3770) decays,
ete” = (y)J/w,ete” = (y)y(3686),eTe™ = qq(q = u,
d, s), and other final states which may be misidentified as
J/wX are also generated. Here, y in parentheses denotes the
inclusion of photons from the initial state radiation (ISR).

The observed cross section is determined with

bS(etem — J/yX) = N = Ny (1)
¢ VA = LeBUJy = ¢7¢7)

at c.m. energy +/s, where N°* and N, are, respectively, the
number of J/ywX events obtained from the data and the
number of background events estimated by MC simula-
tions, L is the integrated luminosity of the data, ¢ is the
efficiency for the selection of ete™ — J/wX events, and
B(J/w — £7¢7) is the branching fraction for J/y decays
to the lepton pair £,

The J/y is reconstructed via the eTe™ and pp~ final
states. Each event is required to have exactly two charged
tracks and more than one photon or to have three or four
charged tracks in the final state. For each charged track, the
polar angle € in the multilayer drift chamber (MDC) must
satisfy |cos @] < 0.93. For all charged tracks, the distance
of closest approach to the average e™e™ interaction point is
required to be less than 1.0 cm in the plane perpendicular to
the beam and less than 10.0 cm along the beam direction.
The electron and the muon can be well separated with the
ratio E/p, where E is the energy deposited in the
electromagnetic calorimeter (EMC) and p is the momen-
tum of the charged track, which is measured using the
information in the MDC. For e* candidates, the ratio E/p
is required to be larger than 0.7, while for ut,itis required
to be in the range from 0.05 to 0.35. To reject radiative
Bhabha scattering events, the polar angles of the leptons are
required to satisfy | cos | < 0.81 and the angle between the
two leptons to be less than 179°. The momenta of the
leptons are required to be larger than 1 GeV and less than
0.47 x E, ,, . To select 7+ and to reject backgrounds such as
x#tn~KTK~ from c¢¢ and non-cc state decays and two-
photon exchange processes of eTe™ — £/~ K"K, the
confidence level of the pion hypothesis, calculated based
on dE/dx and time-of-flight measurements, is required to
be greater than that of the corresponding kaon hypothesis.
For the selection of photons, the deposited energy of a
neutral cluster in the EMC is required to be greater than
25 MeV in the barrel and 50 MeV in the end caps. Time
information from the EMC is used to suppress electronic
noise and energy deposits unrelated to the event. To
exclude fake photons originating from charged tracks,
the angle between the photon candidate and the nearest
charged track is required to be greater than 10°. The J/yX
is reconstructed with the selected tracks and photons.

The number of J/y X candidates is determined by fitting
the £ £~ invariant mass spectra of the events satisfying the
previously described selection criteria. This is illustrated in
Fig. 1, which shows two £ £~ invariant mass spectra from
the scan data. The J/y resonance is clearly observed. We fit
these mass spectra with a function describing both the
signal and background shapes. The signal shape is
described by the MC-simulated signal shape, while the
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Jhy — efe, uin”
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=
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(=]

M,.; (GeV/c?) M, (GeV/c?)

FIG. 1. The invariant-mass distributions of the #*#~ pair
selected from data taken at two c.m. energies /s, where the
dots with error bars are the number of the observed events, and
the blue solid lines are the fit to these events, while the dashed red
lines show the background.

smooth background is modeled by a linear function. The
fits yield the numbers of the candidates for ete™ — J/wX.

These selected candidate events still contain some back-
ground events, originating from several sources, which
includes (i) efTe™ — (y)eTe™, (i) eTe” = (y)utu,
(iii) eTe” = (y)rtr7, (iv) eTe” = (y)D"D7, (V) eTe” -
(y)D°DP, (vi) continuum light hadron production, and
(vii) eTe™ — (y)J/w events. Detailed MC studies of these
backgrounds show that only ete™ — (y)J/y — (y)¢T¢~
can be misidentified as eTe™ — J/wX, which is due to
picking up fake photons or unphysical charged track(s).
From these MC studies, we find that the fraction of these
background events misidentified as signal events is
Nmis = (0.18 + 0.02)%. With the J /s resonance parameters
241]] as inputs and considering the energy spread, we extract
the cross section aﬁi‘iv_)( 1y (V3) for ete™ = (y)J /w,
which includes both the ISR and vacuum polarization
effects, and we determine N, = ﬁo-lffzv_)( v 1 (V/S) s

For example, for the data shown in Fig. 1 (right),

Uiilzyq(y)J/.,,(\/E)|\/§:3.77s9 Gev = 0.99 £ 0.04 nb, L=

1956.84 +£4.65 nb~!, and N, = 3.5 £ 0.4.

The efficiencies for the selection of ete™ — J/wX
decays are determined with MC simulated events for these
decays including the ISR and final-state radiative effects,
where the final states include J/ya* 7™, J/wa°z°, J/yn,
J/wr®, and yy., (J =0, 1, 2) in which y. — yJ/y
followed by J/w — eTe™ and J/y — utu~. All decay
branching fractions are taken from the Particle Data
Group [24]. With the MC samples generated at 69 c.m.
energies ranging from 3.645 to 3.895 GeV, we determine
the corresponding efficiencies. We observe an energy-
dependent efficiency curve increasing smoothly from
58.8% at 3.645 GeV to 60.8% at 3.891 GeV.

With the numbers of candidates for ete™ — J/wX
selected from the 69 datasets, N,, L, € T/yXs and
B(J/w — ¢7¢7), we determine the observed cross sec-
tions at these energies [25]. Table I shows the source of
systematic uncertainty of the cross section. The total
systematic uncertainty is 2.0%.

Figure 2 shows the observed cross sections as circles
with error bars, where the errors are statistical uncertainties

TABLE 1. Source of the systematic uncertainties of the ob-
served cross section of ete™ = J/ywX.

Source Uncertainty (%)
cos @ cut 0.4
E/p cut 0.3
D= 0.2
Cut on number of charged tracks or photons 0.4
Tracking efficiency for pions 0.3
Fitting the invariant-mass spectrum 0.8
Modeling of the MC 0.9
Identification of 7™ 1.0
Uncertainty of B(J/w — IT17) 0.4 [24]
Background subtraction <0.1
Luminosity measurements 1.0
Total 2.0

on the observed cross section measurements. The dominant
peak located at ~3.686 GeV is due to y(3686) decays. The
shape of the cross sections at energies above 3.72 GeV is
not monotonic, indicating that there could be additional
structure at energies between 3.72 and 3.87 GeV similar to
the structure [4] observed by the BES Collaboration.

We analyze the cross sections by performing least-y? fits
to the cross sections. The expected cross section is modeled
with

ae"p(s):/\/;+ dwg(s,w)/ il dxc¥s (s") F(x,s),
_ 0
(2)

where x is the energy fraction of the radiative photon [26],
s'=s(1—x), G(s,w) [14] is a Gaussian function [27]
describing the /s distribution of BEPCII, w integrates over
the c.m. energy, /s, = \/s & 5A,q, in which A, is the
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365 37 375 38 38 39
Is (GeV)

FIG. 2. The observed cross sections for e*e™ — J/yX and the
best fit to the cross sections under the assumption that the
w(3686) and w(3770) decays contribute to the cross sections,
where the insets show the enlargement of the subtle region (see
the text for details).
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energy spread, ¢9(s’) is the dressed cross section
including vacuum polarization effects for the J/wX pro-
duction, M, is the mass of J/y, and F (x, s) is a sampling
function [26]. We perform the least-y fits to the cross
sections under the two hypotheses discussed below.
Hypothesis A.—Assuming only (3686) and w(3770)
contributing of the cross sections, we fit the cross sections
with inserting 6% (s') = |A,,3686) (s") + €M1A,,(3770) (5)]?
into Eq. (2), where ¢, is a phase, A,3es6)(s’) and
Ay 3770)(s") are the generic decay amplitudes parameterized
by a relativistic BW (RBW) function A;(s") =

12205°TY'B; /[(s' = M3) + iM;T"], in which the sub-

script j indicates one of these resonances, and M s Fj"', I“;."‘,
and B; represent, respectively, the mass, leptonic width,
total width, and decay branching fraction to J/wX of the
resonance. In this fit, the total and leptonic widths of both
the w(3686) and y(3770) resonances and the mass of the
w(3770) resonance are fixed to the values given by the
Particle Data Group [24], while the mass of y(3686) and
the branching fractions for the decays of y(3686) — J/wX
and w(3770) — J/wX as well as the phase ¢, are left as
free parameters. The fit has two solutions with an identical
fit y> = 120.4 for 64 degrees of freedom, which gives
B(w(3686) = J/wX)=(64.44+0.61+1.6)%, B(w(3770) —
J/wX)=(05+02+0.1)%, and ¢, = (93 £52+7)°
for solution I, where the first uncertainty value results
from the fit and the second uncertainty value is of
systematic origin. Solution II gives B(w(3686) —
J/wX) = (646 £0.6 £1.6)%, B(y(3770) - J/yX) =
(22+0.4 £0.6)%, and ¢p; = (—105 + 24 £ 8)°. The sys-
tematic uncertainties on these values have four sources for
B(w(3686) - J/wX), B(y(3770) - J/wX), and ¢,
which are, respectively, (i) 2.4%, 2.4%, and 0.1% due to
uncertainty of the observed cross sections, (ii) 0.1%, 9.5%,
and 6.0% due to uncertainties of the fixed parameters,
(iii) 0.6%, 27.3%, and 3.4% due to uncertainties on /s, and
(iv) 0.0%, 0.7%, and 3.8% due to choosing either the RBW
or nonrelativistic BW (nRBW) function as the decay
amplitudes (see below). Adding these uncertainties in
quadrature yields the total systematic uncertainties. We
choose solution I as the nominal results of the analysis, in
which the y(3770) decay branching fraction is consistent
within its uncertainty with the sum of published branching
fractions, (0.47 £ 0.06)% [24], of w(3770) —» J/yn"xn~,
J/wrx®, J/yn, and yy,; with J = 0, 1, 2. The branching
fraction from solution II is larger than the total branching
fraction in Ref. [24] by a factor of about 4. The solid line in
Fig. 2 shows the fit result, while the dashed line shows the
contribution from y(3686) — J/ywX decays. To clearly see
the significant variation of the cross sections at the energies
around 3.773 GeV, we enlarge the partial cross-section data
at energies from 3.72 to 3.85 GeV. The inset Fig. 2(a)
shows the cross sections with the fit, while the inset

Fig. 2(b) shows the cross sections with the fit, for which
the w(3686) contribution is subtracted. The solid line in
Fig. 2(b) corresponds to the fit result of the cross sections
taking into account the w(3770) decay and interference
effects between the y(3686) and y(3770) decay ampli-
tudes. It is clearly illustrated that the fit does not provide a
good description of the cross-section data at energies above
3.72 GeV, indicating that some unknown structure S may
exist in this energy region.

Hypothesis B.—To search for the unknown structure S,
we fit the cross sections with inserting o9 (s")=
Ay asse) (8') + €V Ay 3770) (s7)* + €7 A5(s')[* into Eq. (2),
where ¢, is a phase and Ag is the decay amplitude of the S,
which is also parameterized by a RBW function Ag(s’) as
that used in Hypothesis A. Compared to Hypothesis A, the
fit has four additional free parameters: M, I'", T'¢ B, and
¢,. The fit has four solutions. However, two of the solutions
almost overlap with the other two, as expected according to
mathematical predictions reported in Ref. [28]. The two fits
have identical y*> = 82.6 for 60 degrees of freedom. Table I
summarizes the results returned from the fits, where the
first uncertainty value reflects the fit result and the second
uncertainty value is of systematic origin. We choose
solution II as the nominal results of the analysis, because
for the common parameters it is closer to the solution
selected for Hypothesis A. Solution II gives Mg=
3766.24+3.840.4MeV/c?, T's =22.24+594 1.4 MeV,
and T¢B(S— J/wX)=794+£855+11.7eV. The
large uncertainties on B(y(3770) - J/wyX) and
I'¢B(S - J/wX) are due to parameter correlations. The
correlation coefficients between I'¢B(S — J/wX) and
B(w(3770) - J/wX) and between R(3760)Ms and
B(y(3770) —» J/wX) are, respectively, 0.959 and 0.744.
Figure 3 illustrates the fit to the cross sections, where
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FIG. 3. The observed cross sections for eTe™ — J/yX and the
best fit to the cross sections under the assumption that the
w(3686), S, and y(3770) decays contribute to the cross sections.
The insets show the enlargement of the subtle region in which the
structure S decaying into J/wX is clearly seen (see the text for
details).
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the solid line shows the fit and the dashed line shows the
contribution from y(3686) — J/wX decays, while the
inset Fig. 3(a) shows the enlarged cross sections with
the fit and the inset Fig. 3(b) shows the cross sections
with the fit, for which the w(3686) contribution is sub-
tracted. The significant variation of the cross sections
shown in Fig. 3(b) clearly illustrates that two BW decay
amplitudes contribute to these cross sections. We denote S
as R(3760). The mass and total width of the R(3760)
measured in this work are consistent within uncertainties
with those [4] measured earlier by the BES Collaboration.
Comparing to the fit y> = 120.4 for 64 degrees of freedom
from the fit performed under Hypothesis A, increasing four
free parameters in the fit causes the fit ¥ reduced by 37.8,
corresponding to the R(3760) signal significance of 5.3¢.

The parametrization of the resonance slightly affects the
fitted results. Replacing the RBW with the nRBW function
Ar(s") = 1/ M\ /3aTETRB/ (Vs — M) + i(T/2)]
for resonance k, the magnitudes of the fitted parameters for
Hypothesis A change at the level of 107 to 3.8 x 1072,
while these change under Hypothesis B at the level of 107
t0 2.7 x 1073, We take the relative shift of the magnitude of
a parameter as a measure of its corresponding systematic
uncertainty due to the different parametrization of the
resonance.

The systematic uncertainties in the fitted parameters
presented in Table II are assumed to originate from four
sources: (i) the uncertainty of the observed cross sections,
(i1) the uncertainties of the fixed resonance parameters,
(iii) the uncertainties of the c.m. energies, and (iv) the
parametrization of the resonance. To estimate these uncer-
tainties, we change the values of the cross sections and the
fixed parameters by + 1o, refit the observed cross sections,
and subsequently take the difference between the refitted
parameter value and the one of the nominal fit result as the
corresponding systematic shift. A similar procedure has

TABLE II. The fitted results, where Mz, I 5,%", and F;’{I are,
respectively, the mass (MeV/c?), total width (MeV), and leptonic
width (eV) of R;. B(R; — f) (f = J/wX) is the decay branching
fraction (%) of the R;, where i = 1, 2, 3 indicate, respectively,
w(3686), w(3770), and R(3760). ¢; and ¢, are the phases
(degree).

Parameter Solution I Solution II
B(R = f) 62.8 0.6 1.7 623+0.8+1.6
My, 3773.13 3773.13

F;%‘z 27.2 27.2

B(R, = f) 55.14+362+63 38.1+£41.4+43
¢, (degree) 175 + 30 £ 30 60 +37+10
My, 37662 +3.1+04 37662 + 3.8+ 0.4
F;%i 22.14+52+14 222+59+14
F%B(R3 - f) 1102+ 1344 +162 794+855+11.7
¢2A 322 +£34 4+ 30 213 £48 +20

been applied to estimate the systematic error related to
uncertainties on the c.m. energies. In this case, we vary the
c.m. energies with a Gaussian uncertainty of 0.25 MeV in
the resonance energy region, refit the data, and take the
difference of the updated fit parameter value with respect to
the result of the nominal fit as a measure of the systematic
shift. Adding these uncertainties in quadrature yields the
total systematic uncertainty for each parameter.

In summary, we have measured for the first time the
observed cross sections of eTe™ — J/yX at c.m. energies
from 3.645 to 3.891 GeV. We fitted the cross sections with
the sum of the known y(3686) and w(3770) states and
obtained measurements of B(w(3686) - J/yX) =
(64.4+0.6 £1.6)% and B(y(3770) - J/yX) = (0.5 +
0.2+ 0.1)% for the first time. The fit quality can be
improved by adding one more structure R(3760) in the
fits. For the mass, total width, and product of the leptonic
width and decay branching fraction of R(3760), the fit
yields M’R(3760) :37662i38j:04MeV/02, FR(3760) =
222£59+14MeV/c?, and T 554 B(R(3760) —

J/wX)=179.4+855+11.7 eV. The statistical signifi-
cance of the R(3760) is 5.30. The mass and total width
of the R(3760) are in very good agreement with the mass
Mpg@760) = 3762.6 + 11.8 + 0.5 MeV/c* and total width
Tri3re0) = 49.9 £32.1 £0.1 MeV/c? of R(3760) [4]
observed in eTe~ — hadrons by the BES Collaboration
at the BES-II experiment.
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